Abstract: Objective To evaluate the effect of electrical stimulation of dorsal raphe nucleus (DRN) on response properties of layer IV barrel cortex neurons following long-term sensory deprivation. Methods Male Wistar rats were divided into sensorydeprived (SD) and control (unplucked) groups. In SD group, all vibrissae except the D2 vibrissa were plucked on postnatal day one, and kept plucked for a period of 60 d. After that, whisker regrowth was allowed for 8-10 d. The D2 principal whisker (PW) and the D1 adjacent whisker (AW) were either deflected singly or both deflected in a serial order that the AW was deflected 20 ms before PW deflection for assessing lateral inhibition, and neuronal responses were recorded from layer IV of the D2 barrel cortex. DRN was electrically stimulated at inter-stimulus intervals (ISIs) ranging from 0 to 800 ms before whisker deflection. Results PW-evoked responses increased in the SD group with DRN electrical stimulation at ISIs of 50 ms and 100 ms, whereas AW-evoked responses increased at ISI of 800 ms in both groups. Whisker plucking before DRN stimulation could enhance the responsiveness of barrel cortex neurons to PW deflection and decrease the responsiveness to AW deflection. DRN electrical stimulation significantly reduced this difference only in PW-evoked responses between groups. Besides, no DRN stimulation-related changes in response latency were observed following PW or AW deflection in either group. Moreover, condition test (CT) ratio increased in SD rats, while DRN stimulation did not affect the CT ratio in either group. There was no obvious change in 5-HT 2A receptor protein density in barrel cortex between SD and control groups. Conclusion These results suggest that DRN electrical stimulation can modulate information processing in the SD barrel cortex.
Introduction
Whiskers, as sensory organs, are important for tactile exploration, equilibrium, orientation, spatial learning, etc. [1] [2] [3] .
The representation of the whiskers in the rat somatosensory cortex is magnified relative to those of other body parts, since it forms histologically distinctive regions named "barrels" [4] . Experience-dependent plasticity, an important characteristic of cerebral cortex, is present not only during neonatal development, but throughout the whole life [5, 6] . The plastic-
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Serotonergic system influences cortical plasticity and plays different roles in regulating the function of somatosensory cortex [9] . Serotonergic innervation of the cortex originates from the dorsal raphe nucleus (DRN) and the median raphe nucleus (MRN) of the medulla. The thin axons of DRN neurons and thick axons of MRN neurons project to the cortex [9] . It is known that the serotonergic afferents originating from DRN start to innervate cortex on embryonic days 15 and 16 [10] . The rodent sensory cortex contains a variety of serotonergic receptors, including 5-HT 1A and 5-HT 2A [11, 12] . It is likely that 5-HT 2A receptors mediate the effects of dorsal, but not median raphe projections [12] .
Our previous study has reported that the electrical stimulation of DRN modulates response properties of barrel cortex neurons to whisker stimulation [13] . However, little is known about how DRN activation changes the response properties of barrel cortex following long-term sensory deprivation, or which receptors are involved in this process. The present study was designed to assess the effect of electrical stimulation of DRN on the response properties of barrel cortex neurons after long-term sensory deprivation, and to study whether 5-HT 2A receptor activity in the cortical barrels was involved in the plasticity process.
Materials and methods

Animal preparation A total number of 35 juvenile male
Wistar rats were employed in the present study. They were divided into control (n=16) and sensory-deprived (SD) (n=19) groups. Rats were housed under a constant 12:12 h dark/ light cycle, with free access to food and water. Whisker plucking was performed by applying slow strain to the base of vibrissa [14] . All the experiments were conducted according to the guidelines on ethical standards for investigation of animals, which were approved by the Animal Experimentation Ethic Committee of Kerman Neuroscience Research Center (EC/KNRC/86-44). In SD animals, all the whiskers on the left side of the face, except the D2, were plucked on the day of birth. Whiskers were checked every other day for regrowth, and were plucked when necessary during a 60-d period. After that, a further period of 8-10 d was allowed for whisker regrowth to approximately 10 mm, after which the recording was performed. Whiskers in control rats were all left intact. lateral to bregma) [14] , and the dura over the somatosensory area was not removed.
Extracellular single unit recording
Stimulations
A stimulating electrode was inserted into the DRN 7.8 mm posterior and 1.8 mm lateral to the midline. It was advanced 6.2 mm with an angle of 18 º relative to midline, to avoid bleeding from sagittal sinus [13, 15] . The cortical surface was covered with 3% warm agar solution. Tungsten microelectrodes (1 M) were slowly advanced perpendicular to the cortical surface and positioned into layer IV (600-900 µm) of the D2 barrel by a microdriver. It was kept still for about half an hour to reshape the cortex. Extracellular spike signals were amplified 10 000 times, filtered at 0.3-10 KHz with a band-pass filter (WPI, Dam-80), and sent to an amplitude window discriminator for single spike separation. Spike shapes were visualized through a storage oscilloscope with a 10-ms delay line circuit. The whisker whose displacement elicited the strongest neuronal response [16] with the shortest latency was identified as the principal whisker (PW) (D2 in this study). The D1 whisker located caudally to the PW was chosen as the adjacent whisker (AW). Before recording, all whiskers on the left side of the snout were trimmed to the length of 10 mm, and the trimmed D2 and D1 whiskers were inserted 1-2 mm into 2 small-diameter glass tubes that were attached to miniature speakers. The stimulus waveforms consisted of ramp-and-hold trapezoids, which produced 500 µm displacement (deflection of whiskers was about 500 µm in height) for a duration of 200 ms [13] . The amplitude of displacements was To assess the effect of DRN stimulation on barrel neuronal responses, 2 different protocols were used. One is that the PW and AW were deflected individually to yield information about excitatory receptive fields, and the other is that the AW was deflected 20 ms before PW deflection (combined whisker deflection paradigm) to investigate the strength of surround inhibition [2] . Consistent with both excitation and inhibition intervals (0-800 ms) for DRN [17] , DRN stimulation was applied at constant intervals of 0, 50, 100, 200, 400 and 800 ms before PW or AW deflection or only before PW deflection in combined whisker deflection paradigm. Whiskers were also deflected without DRN stimulation to establish a baseline response (indicated by inter-stimulus intervals "without"). Each deflection with or without DRN stimulation was repeated 40 times with a frequency of 0.5 Hz, in a random order. of spontaneous activity. Whisker interaction was quantified with a condition test ratio (CT ratio) as previously reported [16] . This ratio indicates the effect of conditioning stimulus (AW deflection) on the response of test stimulus (PW deflection), and has been defined as the ratio between the observed and the expected responses [16] . At the end of the experiments, The animals were perfused trans-cardially with physiological saline followed by 4% paraformaldehyde. The brains were removed for histological analysis. Cytochrome oxidase staining was used to visualize barrels in tangential sections, and the Nissl cell body staining was for localizing lesions of DRN in the brainstem [14, 18] . Data were presented as means± SEM and analyzed with t-test or repeated measures ANOVA (RMA) followed by two-tailed paired t-test as post test using SPSS software (version 17). P < 0.05 was considered to be statistically significant.
Experimental procedures and data analysis
Immunoblot analysis Immunoblot analysis was per-
formed to observe the changes in the distribution of 5-HT 2A receptor, the most abundant receptor of 5-HT [19] , in barrel cortex following sensory deprivation. In separate groups with similar treatment as discussed above, the dissected brain tissues from barrel field (marked through electrophysiological electrodes) were homogenized in ice-cold RIPA buffer 
Results
The percentages of changes in neuronal response magnitude to deflections of PW or AW after DRN electrical stimulation in both control and SD rats were listed in Table 1 . In SD rats, PW-evoked responses increased with DRN electrical stimulation at inter-stimulus intervals (ISIs) of 50 and 100 ms (RMA followed by paired t-test, P < 0.05, Fig. 2A ), compared with those at pre-stimulation condition. As shown in Fig. 2B , AW-evoked responses increased with DRN electrical stimulation at ISI of 800 ms in both control and SD rats (RMA followed by paired t-test, P < 0.01 for SD rats, P < 0.05 for control rats), compared with those at pre-stimulation condition. Moreover, whisker plucking induced an increase in neuronal response of layer IV barrel cortex neurons to deflection of the PW, and a decrease in responsiveness to deflection of the AW (Fig. 2A, B) . DRN electrical stimulation at all ISIs reduced the difference in PW-evoked responses between control and SD rats (t-test, P > 0.05; Fig. 2A ).
The effects of sensory deprivation and DRN electrical stimulation on neuronal response latency were shown in Table 2 . There was no significant difference in response latency to PW deflection between control and SD groups (ttest, P > 0.05), however, response latency to AW deflection increased in SD group (t-test, P < 0.001), compared to that in control group. Besides, no response latency changes related to DRN stimulation were observed for PW or AW deflection in either group (RMA followed by paired t-test, P > 0.05, Table 2 ).
As illustrated in Fig. 3 , CT ratio increased in SD rats compared to that in control group, while DRN stimulation did As shown in Fig. 4 , sensory deprivation had no effect on the density of 5-HT 2A receptor protein in barrel cortex.
Discussion
The present study indicated that whisker plucking from the first day of birth could lead to both enlarged excitatory and weakened inhibitory responses in the layer IV barrel neurons, which is consistent with our previous study [3] . Whisker plucking affects barrel neurons' response properties, and these data support previous findings in neonatally SD rats [20] .
Here we also found that CT ratio, a sign of altered inhibition-potentiation balance, increased due to sensory deprivation. After induction of plasticity in barrel cortex, it was likely that whisker plucking from the date of birth significantly decreased the inter-whisker suppression in the spared barrel. Therefore, the observed plasticity in the barrels may be due to the changed balance between inhibitory and excitatory responses and is in favor of disinhibition in the barrel cortex. It is also possible that a postnatal agesensitive component of the inhibition-potentiation balancing system may be responsible for different CT ratios in the SD group. Other studies have shown that whisker plucking could down-regulate the GABAergic system and, as a result, diminish surround inhibition of AW-related barrel onto the PW-related barrel [21] .
Concerning the effect of DRN stimulation on barrel response properties, we observed that DRN electrical stimulation at all ISIs significantly attenuated the difference in PWevoked responses between SD and control groups. This . These data are supported by our previous study [13] .
It has been recognized that neocortical pyramidal neurons receive indirect serotonergic inputs that modulate pyramidal cell activity through binding to 5-HT 2A receptors [22] . In addition, cortical interneurons with 5-HT 2A receptor-binding sites also receive serotonergic inputs [23] . Serotonergic projections on thalamo-cortical afferents play an important role in postnatal growth of barrel cortex [24] . It has been reported that 5-HT participates in the process of fine-patterning of cortical barrels through interacting with thalamo-cortical afferents [24] . Furthermore, several studies have indicated that 5-HT helps thalamo-cortical afferent development, which might be promoted by co-existent components in 5-HT vesicles, including neurotrophics such as thyrotropin-releasing hormone (TRH), growth-associated protein-43 (GAP-43), NADPH and substance P [25] .
In this study, whether the response properties of barrel neurons would be altered due to the long-term sensory deprivation was examined. Besides, by determining the density receptor is the main receptor subtype in cortical plasticity, although its density seems to be low in barrel cortex [9] . Taken together, DRN activation can affect neural response properties of barrel cortex following neonatal sensory deprivation. The modulating effect of DRN electrical stimulation on response properties of barrel neurons, which was observed in layer IV of barrel cortex, may be due to the existence of different functionally-opposing 5-HT-binding sites over a variety of barrel cortex neurons.
